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Strong absorption lines due to free N radicals have been observed by means
of Stark modulated microwave speclromeiers in the discharge products of a

mivinra of nitrno = Rt Tl
mixture of nitrogen and sulfur dichloride or sulfur monoehloride. The rota-

tional transitions J = 3§ < L3 in the ;s state as well as J = 34 — 35 both in
the °I;,» and I, states are analyzed to investigate the A-type doubling and
the hvnerﬁpp interactions in two isotopic species MN32S and EN#S,

The parity considerations lead to negative sign of the A-type doubling
parameter a, , which indicates that the dominant perturbing state is a 2=~ state
not identified yet. Relative magnitudes of hyperfine coustants of NS are very
similar to those of NO, although their absolute values in the former are cou-
sistently smaller than in the latter. The rotational constant By = 23156.01 %
0.16 MHz obtained in the present analysis, corabined with «.® from the v-band
analysis, gives an accurate equilibrium internuclear distance r, = 1.4938 &
0.0002 A. The electric dipole moment is determined to be 1.81 4= 0.02 Debye
in the 1, state by the Stark effect measurements.

INTRODUCTION

Mulliken and Christy (/) have diseussed in detail the A-type doubling in
many diatomic molecules and compared the observed doubling constants with
those calculated on the basis of the pure precession hypothesis. They pointed out
that the positive sign of the A-type doubling constant of I\ () confiicted with that
which would be expected if the interacting state were A’£™. Barrow, Drummond,
and Zeeman (2) reported the same sort of contradiction for NS; the A-type
doubling constant p in the ground “IIy, electronic state was determined to be

—1
+0. 011 em (2, 3). It is interesting to pomt out that the sign of p can be de-
if the “hyperfine doubling,” that is, the differcnce between the hy

he “hyperfine doubling,” that is, the difference between the hyper-
fine energy levels of the A-tvpe doubling components, is observed. In the present
work, positive sign was obtained for p from the hyperfine doubling, and at the
same time the accuracy of p was improved by a factor of 100. These results sug-
gest the presence of “S™ states which give the main contributions to make the p
constant positive.

The hyperfine constants of NO obtained by millimeter-wave spectroscopy
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(4, 9} or by electron paramagnetic resonance (¢, 7) were analyzed thoroughly
to extimate the distribution of the unpaired electron in the molecule (8, 9).
In view of these results it is interesting to determine the hyperfine constants of
NS and to compare them with those of NO.

Carrington and Levy (70) reported the electron-paramagnetie-resonance
spectra of the NS in the Il state in the redctlon products of hydrogen sulfide
with active nitrogen. Recently Carrington, Howard, Levy, and R()bertson (1)
improved the signal-to-noise ratio considerably by replacing H.S with sulfur
monochloride and Uehara and Morino (12) by a microwave discharge through a
mixture of sulfur dichloride and nitrogen. The hyperfine constants thus obtained
were in good agreement with the present results. However, information obtained
from the EPR spectroscopy is confined only to the *II;, state, because the molecule
in the "My, state is nearly diamagnetic.

In the present work the microwave spectrum of NS in the ground electronie
state was observed both for the "I » and *I states and analvzed by taking into
account the dependence of the spin—orbit coupling constant A on the internuclear
distance, as in the case of C1O reported in a previous paper (13 ) The 1(»‘5‘1‘[1011.11

A conventional 100 kHz Stark modulated microwave spectrometer was used.
ORT 70V11A and 120V10 klystrons were emploved as microwave sources. The
absorption cell for the measurement in the 69 (GHz region was made of parallel
plates. The cell was already used in the previous works on the SO (1.4) and ClO
(15) radicals. The measurements in the region of 115 to 117 GHz were performed
by means of a spectrometer at Sagami Chemical Research Center.

The NS radical was produced through a microwave or a radio-frequency dis-
charge in a mixture of nitrogen and sulfur dichloride or sulfur monochloride. The
total pressure of the flowing gas was about 0.1 mm Hg.

Dark-brown substance was uepumfﬁd on the 514\\ wall
and the absorption cell. No attenuation of microwave power was found for ‘rh]s
solid deposit. It was almost completely eleaned out by a flow of discharged oxygen
gas, with blue chemiluminescence.

THEORY

Although theory of the A-type doubling and the hyperfine interactions is well
established (716-18), there has often been a confusion on the symmetry properties
of energy levels, because of different phases chosen by different authors. The
discussions given below are to clarify the relation between the parity of the
wavefunetion and the sign of the A-doubling constant or the hyperfine doubling
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constant d. Total wavefunction is expressed by a product of funetions for elec-
tronic orbital motion, overall rotation of the whole molecule, and electron spin.
The Hulerian angles 6, ¥, ¢ connecting the molecule-fixed coordinate system with
the space-fixed coordinate system are defined according to Nielsen (19). The
inversion operation is equivalent to the reflection o, of the electron coordinates
at a vertical plane which contains & and z axes, where z axis 1s taken along the
molecular axis, followed by the two-fold rotation U7, of the molecule-fixed co-
ordinate .\_ybwlu about Y axis. The latter opemuion does not affect the electronic
orbital wavefunction, and its operation on the Eulerian angles is

0
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The Hund’s case (a) wavefunctions are chosen as a basis. In the following

M -
diseussions, |A) and | SZ) denote electronic orbital and spin wavefunecti

respectively, and | J) the wavefunctlon for overall rotational motion. The trans-
formation properties of the wavefunctions under the inversion 9 = o¢,U; are
defined after Kopp and Hougen (20) as follows:

glA) = | —~A)for A =0
gl A) = | A) for A = 0, =%
9] 82) = (—1)* ¥ 8-3)

9|JY = (=17 J—9).

The basis set is chosen as follows to have a correct parity:

1)

|20 JQ; £) = 271

| =) S—=)J—2)). 2)

Using the transformation properties defined by Eq. (1), one finds that the
Z p :
parities of the function | "Mie; /053 4) and | *Typ;)2 lo;— ) are (—1)"™* and
(—1)" 7, respectively. For the = states (A = 0), | "212;J s ;+) has the parity
of (=1)"(—1)"" and |*=%s; J/2,~>( 1)?(—1)"™"*, where the factor (—1)”

means +1 for 227 states and —1 for *=7 states. Therefore the rovibronic levels

if
o

are classified into two groups according to their parities (—1)""" or (—1)"""2
The former will be called “c levels” and the latter “d levels.”* For the d levels,

1 The definitions of “c levels’ and ‘‘d levels’’ are somewhat different from those presented
by Mulliken (Rev. Mod. Phys. 3, 83 (1931)). He defined one series where the parity of the
lowest rotational level was positive as ‘‘d levels’’ in the regular case (a) doublet states and
as ‘““c levels’ in the inverted case (a), and the other series, the lowest rotational level of
which had negative parity as ‘“d levels” in the regular case (a) doublet states
and as ‘“‘c levels’’ in the inverted case (a). Therefore the definitions by Mulliken and in the
present work for “c levels’ and ““d levels’’ are contrary to each other for I/, in the regular
doublet states and for 2MI;,: in the inverted states, but are the same, for 2,,; in the inverted
and for 25,2 in the regular doublet states.
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the Hamiltonian matrix is given by

[ a4+8 04+ g\

(0* +* B ) (3)
* *
\ oo € v/
where each matrix element is that defined by Van Vleck (16), except that the

/a1

phase convention is different. The matrix for the ¢ levels is similar to Eq. (3) but
with the changes of the signs before 6 and ¢.
It is important to note that «, and 3, defined by

_ v [ (A + 2B)L, | Z)(2 | BL, | 1) )
o = 42— E= — En (4)
g, = ax(—1r (OBL D] (5)

originate from the terms 0c™ and 6%¢, and ¢n”e and e’ respectively. On the
other hand, as clearly seen from Kgs. (13), (14), and (17) in the paper by
Dousmanis, Sanders, and Townes (17), Wi does not contain these terms. It
involves the terms Oen*, 0*5*77, 605“*, 86 ¢ and ¢, m*, Bg“en*, Bf*e*n. The former
ones (Ben™, - ) give rise to

4 (4 + 2B)L, | 2)(Z| BL, | 1) .
ay = 4:;4 5 (‘))

Es — Fn

*
and the latter ones (¢, --+) to
@I BL | 3)

’ P .

VT — ILH
in W,. Therefore a, and 8, in W, given by Dousmanis, Sanders, and Townes

should be replaced by «," and 8, , respectively.

According to Dousmanis, Sanders, and Townes (17), the splitting of the
A-type doublet W (J) is defined to be the energy difference between the « level
and the corresponding ¢ level,

Wolt) = Wald) — W.(J) (8)
The explicit formulas are identical with those presented earlier (13), and are not
reproduced here.

2 The trausformation properties given in Eq. (1) mean that the matrix elements

(A= —1{L,|A=0and{(A=1]L.!A=0)should be real, and the following relations are

il A 10 4 LN

easily derived:
A= —1|L:NfA=0) = (=)A= 1]L,{A=0)

In the article by Van Vleck, the elements of I, have been chosen real.
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Next, the sign of hyperfine doubling terms should be considered. The defini-
tion of the transformation presented in Eq. (1) makes it necessary to change the
phase of the matrix elements given by Frosch and Foley (18). The hyperfine
doubling term for the “II;, state is easily calculated to be

Wie = £[d(J + )27 + DI-T. 9)

The positive sign in front of d applies to the d levels and the negative sign to the
¢ levels. In this connection, the statement that the positive sign applies to the
upper A-doublet levels, is not always correct, although in all the molecules
analyzed so far, the upper A-doublet levels are assigned to d levels.

RESULTS
A. ANALYSIS

The NS radical is well characterized by the coupling scheme of Hund’s case
(a) because of large Ny = Ay/Bo . The energy formulas used in the analysis of the
ClO spectra (13) can be applied to the present analysis with replacements of
a, and 3, appearing in the effective rotational constants by a, and B, respec-
tively. The NS radical shows the same pattern of the hyperfine structure as that
in NO (4, ), because of the similarity in the electronic structure. The separa-
tion of the hyperfine sub-levels in the “II;» state is larger in the upper A-doublet
components than in the lower. An assumption that the sign of the hyperfine
doubling term d is positive leads to the level scheme that the upper members of
the doublets are assigned to d levels, as in the case of NO. The A-type doubling
in the *I;s state could not be resolved under the present experimental conditions.
Tables I and IT list the observed transition frequencies and the differences be-

TABLE 1
TRANSITION FREQUENCIES OF THE “N3S 1N THE i,y STateE (MHz)
J=%—1 J=%—
F' «—F Obs AR F'—F Obs Ar
35— 34 69002.85 0.29 T4 «— 34 115153.92 0.17
35 — 1y 69016.92 0.06 55 «— 35 115156.97 0.16
c-state 34 « 33 (9037.31 —0.13 35— 1y 115163.07 ~0.03
15 14 69040.17 —~0.19 35 «— 34 115185.55 ~0.05
15— 3, 69060.27 0.33 85 « 34 115191.07 —0.62
14 34 §9283.13  —0.07 54 — g 11548961 0.06
35 «— 33 (9330.25 —0.07 34 «— 35 115524 .82 —~0.07
d-state 35 «— 34 69411.35 —0.13 74 « 55 115556.43 0.39
14 14 55 «— 34
5«13 69437.40  —0.27 55 < 33 o o 0.49
S5 15 G484.97  0.17 35 1g)  MBTLAT g e
2 A denotes obs. — calc.

b Not included in least-squares fit.
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TABLE II
TRANSITION FREQUENCIES OF THE NS IN THE M3y STaTE (MHz)
=95 3
F—F Obs. s 7
54 — 5y 116147.76 —0.02
35 3. ] 2.18
) . .
116181.78>
s 6181.78 0.00
54 - 34 116203.61 0.14
35— 1y 116214. 47 —0.12
2 A denotes obs. — ecalc.
b Not included in least-squares fit.
TABLE III

MorecuLar CoNsTANTS OF THE NS Rapicass IN THE 21 ELEcTRONIC STATE (MHz, unless
otherwise indicated)=

14N32S 14N34S

By 23072.10 =+ 0.13 22661.58 + (.11
By 23238.61 =+ 0.18 —

D. 0.028 = 0.012 —

Pett 397.32 £ 0.40 380.61 = 0.59
a+ (b4 c)/2 56.35 + 0.83 —

a— (b+e)2 67.45 = 0.50 67.02 + 0.83
d 87.03 & 0.42 87.22 4 1.02
eqf —2.62 £ 0.73 —1.74 = 1.56
B, 23156.01 =+ 0.16

@n —108.24 + 0.38

8, —0.682 =+ 0.002 —

o 1.4938 + 0.0002 A —

a Uncertainties indicated are three times the standard errors from the least-squares fit.

tween the observed and the calculated. The final values of the parameters de-
termined by a least-squares fitting are given in Table III.

The parameter p.¢; 1s expressed, for the molecules approximated as Hund’s
case (a), as

Pest = —2a, — (ap — QBP)|A I/(E: — En) (10)

where a,, and 8, are defined by Eqs. (4) and (5), respectively. Zeeman’s value of
Pets, +0.011 em™ " or +330 MHz, is to be replaced by the present more accurate
value, +397.32 + 0.40 MHz. After correcting the second term of Eq. (10) by
the same procedure as adopted in the case of ClO (13, 15), o, was obtained to be
—19%.24 MHz, and 8, was calculated to be —0.652 MHz by the use of Eq. {35}
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in Ref. (13). The negative sign of «, indicates that the dominant perturbing
state is =7, Therefore, if it is assumed that only one =™ state interacts with the
ground II state, a,” and 8, may be approximated by

’
ap = —0p

11
, (L)
Bo = —Bs.
The effective rotational constants are defined by
’ (B, — 7/’/2)2 — Bvap o 247
By =B, — 8, + 5B, — A. — 264
- e (12)
2 v 1
+ deB. [23,,‘_A,.—7e * 9B, 4 ,,+we]’
_ ’ (B, — 7,/‘)) B op .
Bv? = Bv - 61? "\)‘B A + ) A + 16€B /0)( ) \
(13)

v+ 1 )
= B [OB—A o T OB, = AL ]

where A’ denotes (r-dA/dr),,. The rotational constant B, was, therefore, cal-
culated to be By = 23156.01 & 0.16 MHz from the sum of the two effective rota-
tional constants using the spin-orbit coupling constant A,,’ the vibrational fre-
quency w, obtained by Zeeman (3), the centrifugal distortion constant D, and
the l-uncoupling parameter 8, . The value of By reported by Zeeman, 0.77058
em” ' or 23101.4 MHz, is, therefore, definitely small by about 50 MHz. Carring-
ton, Howard, Levy, and Robertson (17) stated that the rotational constant
By = 0.7722 em ™’ (23 150 MHz) could reduce slight discrepancies between the
calculated and the observed frequencies which were present when the rotational
constant reported by Zeeman was used in the analysis of the EPR spectra.
From the present value of By and the vibration—rotation constant a. of 0.0061.
' (183.; MHz) determined through the analysis of the y-band systems (3),

v aalonlate the ecomlibrinnm rotational eongtant B and thornfara tha
one niay caifuiate e ejuiilorium rovaliona: oonsiant sS., allG wilréiore wine

equilibrium internuclear distance r,, with sufficient accuracy. If the uncertainty
in . is assumed to be £0.0001 em ™', the equilibrium internuclear distance be-
comes

= 1.4938 + 0.0002 A,
where the uncertainty arising from Planck’s constant is also included.

3 The spin-orbit coupling constant A of 223.0; em™ determined by Zeeman should be
understood as A, , because the constant was determined through the analysis of the (0, 1)
band. Least-squares analyses both for the (0, 1) and (0, 0) bands on the bhasis of Eq. (25) and
Tables I and II in Ref. (3), has led to 4, = 222.94 + 0.17 em™ and A; = 223.09+ 0.12 cm™L
This value for 4y was used in the present analysis.
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The rotational constant difference

By — Bp = 2 By —ap — v+ /4By _ 434’
2 " N _
{14)

We We

— D. [4 T 2By — Ay — . 2By, — A + wil

gives an estimate of A”. Though the spin-rotation coupling constant v is not
known, it is estimated to be less than 400 MHz, and the numerator of the first
term in the right-hand side of Fq. (14) is thus equal to (2.206 + 0.04) X 10*
MHz. The term 4 €4’ amounts, therefore, to 6.4 &+ 2.8 MHz. Using the values
of B, and w,, one finds that e becomes 0.635 X 107%, and consequently " is de-
termined to be 130 + 56 em .

The spectra are strong enough to observe the lines arising from the Tl o/ =
4y« by transitions of the “N™8 in natural abundence (about 4.2¢/). Tuble IV
lists the observed transition frequencies, and the moleculur constants obtained
by means of a least-squares fitting are cited in Table I1I. No differences urc ob-
served in the hyperfine coupling constants « between the two isotopic species
UNTS and ¥NTS.

B. Stark ErrecT

Martix elements necessary for ealeulating the Stark effect in the Iy » clectronic
state have already been given by Mizushima (27). Since the seeond-order eon-
tribution from the adjacent rotational levels isx estimated to be less than 147
and 1= smaller than the experimental uncertainties, it is sufficient to consider
only the AJ = 0 elements. The electrie ficld strength was ealibrated by measuring

TABLE IV
TraNsITION FREQUENCIES OF THE “N¥#8 1N TtHE °1L,,» STATE (MHz)

J = :32}_ 12

Fre—Fr Obs Ar
55 3y 67775.33 0.06
35 15 6779037 —0.06
c-state 3y — 321 o101 1.67
]é“—l‘zf 6781231 ~0.30
By 34 68095 .64 0.05
By ey 6817635 —0.16
d-state g 15 65820237 0.05
By e 1 18249 8% 0.05
+ A denotes obs. — cale.

b Not included in least-squares fit.
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TABLE V
EvLecTrRIic DIPOLE MOMENT IN THE 2Ii/2 STATE
Transition F' — F w(D)
14 «— 14 (d) 1.82 4 0.06
3/«.12 (d) 1.80 4= 0.02
35 «— 1y (c) 1.82 4 0.04
Mean 1.81 4 0.02

the Stark shift of the J = 1 « 0 transition of OCS, where the dipole moment of
0.71521 Debye reported by Muenter was used (22). Table V gives the dipole
moments obtained from three transitions of “N*8. Thus the dipole moment was
determined to be 1.81 & 0.02 Debye by taking the mean value of these three.
Carrington, Howard, Levy, and Robertson (11) reported the dipole moment

= 1.35 == 0.10 Debye for the *II3, electronic state by the electron paramagnetic

resonance. The electric dipole moments in the *II;, and *Iyy. states are expected

ta have almoaet the came value within % ntal acenrany and tha
UL E1ICUV U (LLILAVAISU VLAC BJQulilw ¥ Quiuy Yyivliaii vwu 1 \n[\l.l\/l.illl\_/ll Uul alvuvul avv J CURANA URIL

2
=
e
[4°]
=]
o+

]
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D

3

source of large discrepancy between these two measurements is not evident.
DISCUSSION

The parity of each rotational level was determined on the basis of a reasonable
assumption that the sign of the hyperfine doubling term d was positive. Ab initio
calculations of the hyperfine coupling constants of NO were made by Lefebvre-
Brion and Moser (&), and by Lin, Hijikata and Sakamoto (9). All these caleu-

lotinng chow that tho clon of 18 Do 1o ovnpetad fram dmnlar aalanla s
lﬂzlJlUILD BILUVV I/Jla/ll UlJ.C 71511 ulL lb i ) tJU V Cl/‘ CAPL/\JUGU 1iLuULiL jllllplc balbulabl\)ilj

For the NS radical, reliable \wavefunctlons are not available to calculate the
coupling constant d accurately. However, it is reasonable to assume the positive
sign of d also in NS. The symmetry species, X" or E7, of the upper state of the
v-band cannot be determined from the analysis of the band alone, but molecular
orbital considerations suggest that the state is 7 The parity of each level of
the ground state, inferred from this discussion, is 1dentlcdl with that derived by
the present analysis of the hyperfine doubling. The sign of the A-type doubling
parameter a, could be given from the parity. The negative sign of «, indicates
that the dominant perturbing state was not the ¢’ state but an unknown 2.
Lofthus and Miescher (23) observed the G°=™ state of NO, at about 63 000
em” ' above the ground state, and indicated that this state must be a per-
turbing state, because of a good agreement of the observed A-type doubling

oonctant with that caleulated }\\ means of the nure nrecession hvnothao
constant witn that caicuialed means tne pure precession nypoine-

s1s. As for the NS radical, a state dnalogous to the *= of NO may exist, but has
not been found yet. It is interesting in this connection to obtain the doubling
constants of the excited *11 states. If they were determined both in magnitude and
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TABLE VI
MagNETIC HYPERFINE CONSTANTS OF Diaromic FREe Rapicarts (in MHz)
OH= NOP NS ClO"
at 8.0 + 0.6 84.28 4= 0.52 61.90 £ 0.67 136.34 & 0.68
b —119.0 £ 0.4 41.8 + 6.3
¢ 133.2 3+ 1.0 —58.8 +7.4
b+ ¢ —16.93 £ 1.04 —11.10 £ 1.33 —47.47 4+ 1.36
d 56.5 0.4 112.60 87.03  0.42 173.07 = 0.70
c=3(a—d) —84.9 5.4 ~110.2
c= —d/2 —56.3 —~43.5 —86.5

« H. E. Raprorp, Phys. Rev. 126, 1035 (1962).
b Refs. (4) and (7).
“ Ref. (13).

8
0 = A unB(L/r),b = 2gwund( $2(0) = (Boos? x = 1)/2r%, ¢ = BguunBl(3 cos* x — 11,17,

d = 3gyunsisin® x/r%).

sign, they would give important information about the position of the “Z states.
Narasimham and Srikameswaran (24) analyzed the BTI-X"II band systems of
NS. By using their frequencies of A-type doublings in the higher J-lines of the
(7,0) and (8,0) bands, we attempted to derive the A-type doubling constant of
the upper state, assuming the ground-state constants obtained in the present
work, but it was found unsuccessful because of insufficient accuracy and also of
possible resonance effects.

Table VI compares the hyperfine constants for the NS radical with those for a
few other free radicals investigated by means of microwave spectroscopy or gas-
phase electron-paramagnetic resonance spectroscopy. If the single configuration
approximation is adopted, 2 d/3a should be %4 in these free radicals where un-
paired electron occupies a p. orbital. The consideration of configuration inter-
action reduced the discrepancy in this ratio between the observed and the calcu-
lated for the NO (8).

The single configuration approximation gives the following two relations

e = 3(a-d) (15)
c = —d/2. (16)

The values of ¢ obtained from these two relations are also compared in Table VI.
The hyperfine coupling constants of the OH radical could not be explained by the
single configuration approximation. The ¢ constant of NO calculated from Eq.
(16) is equal to the observed. Unfortunately, the approximation cannot be tested
on the NS and ClO radicals. In order to determine the b constants separately
from ¢ the accuracy of frequency measurement should be improved by a tactor
of ten.
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